Upon DNA damage, tumor suppressor p53 determines cell fate by repairing DNA lesions to survive or by inducing apoptosis to eliminate damaged cells. The decision is based on its posttranslational modifications. Especially, p53 phosphorylation at Ser46 exerts apoptotic cell death. However, little is known about the precise mechanism of p53 phosphorylation on the induction of apoptosis. Here, we show that amphiregulin (AREG) is identified for a direct target of Ser46 phosphorylation via the comprehensive expression analyses. Ser46-phosphorylated p53 selectively binds to the promoter region of AREG gene, indicating that the p53 modification changes target genes by altering its binding affinity to the promoter. Although AREG belongs to a family of the epidermal growth factor, it also emerges in the nucleus under DNA damage. To clarify nuclear function of AREG, we analyze AREG-binding proteins by mass spectrometry. AREG interacts with DEAD-box RNA helicase p68 (DDX5). Intriguingly, AREG regulates precursor microRNA processing (i.e., miR-15a) with DDX5 to reduce the expression of antiapoptotic protein Bcl-2. These findings collectively support a mechanism in which the induction of AREG by Ser46-phosphorylated p53 is required for the microRNA biogenesis in the apoptotic response to DNA damage. microarray | Drosha | miRNA processing
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microarray | Drosha | miRNA processing H omeostasis is maintained by a balance between cell proliferation and cell death. Activation of oncogenic transcription factor (e.g., c-Myc) and growth factor [e.g., epidermal growth factor (EGF) family proteins] destroys the balance, leading to tumorigenesis. EGF family contains transforming growth factor α (TGF-α), heparin binding-EGF, and amphiregulin (AREG). These growth factors are catalyzed by matrix metalloproteases (MMPs) at the plasma membrane, which enables them to act as a ligand for EGF receptor (EGFR) (1) . MMPs are frequently overexpressed in tumors, suggesting that EGF family proteins, besides AREG, mainly function as tumor facilitators. In this context, AREG is exerted as a bifunctional growth modulator (2) . However, a mechanism for AREG-mediated growth suppression remains unclear. AREG is initially synthesized as a pro-AREG that encodes 252 aa. Pro-AREG is translocated to the cell surface and then processed by one of MMPs, ADAM17. Soluble AREG directly binds to EGFR as a ligand to transmit growth signal (3) . However, AREG is not able to activate EGFR signaling effectively compared with other EGFR ligands (4) . It is well established that AREG translocates to the plasma membrane; however, few reports showed that AREG localizes in the nucleus (5, 6) . Recent study has demonstrated that AREG translocates to the inner nuclear membrane by a retrograde trafficking and attenuates global transcription (7) . Taken together, AREG has multiple functions not only as a ligand for EGFR.
Tumor suppressor p53 transactivates numerous target genes in response to DNA damage to prevent tumorigenesis. The target genes exhibit diverse functions including cell cycle arrest, DNA damage repair, or apoptosis induction (8) . The intracellular functions and localization of p53 are regulated by its posttranslational modifications. Especially, Ser46 phosphorylation is a key modification to eliminate cancer cells by inducing apoptosis (9) . Previously, we have demonstrated that DYRK2 phosphorylates p53 at Ser46 under severe DNA damage (10, 11) . We also found that DYRK2 is activated by ataxia-telangiectasia mutated (ATM), which senses DNA damage, and triggers apoptotic cell death (12) . If Ser46 phosphorylation could be induced by chemical compounds, the compounds might enable tumor cells to induce cell death. Therefore, Ser46 phosphorylation could be a molecular target for cancer therapy. Recent study demonstrated that Ser46 phosphorylation-dependent apoptosis is also induced by mutant huntingtin (mHtt) (13) . Because the mHtt elicits ROS reproduction and mitochondria dysfunction, DNA damage response is constitutively activated in the mHttexpressing cells. Thus, Ser46 phosphorylation is widely linked in human disease development. However, it is unclear how Ser46-phosphorylated p53 induces cell death.
Here, we report that AREG is identified as a Ser46 phosphorylation responsible gene by the microarray analysis. AREG interacts with DEAD-box RNA helicase p68 (DDX5) to regulate precursor microRNA processing. In this regard, Ser46-phosphorylated p53
Significance
The tumor suppressive function of p53 is tightly regulated by its posttranslational modifications. Although Ser46 phosphorylation is a critical modification for apoptosis induction, a molecular mechanism by which Ser46-phosphorylated p53 induces apoptosis remains unclear. Here, we clarify that amphiregulin (AREG) is specifically induced in a Ser46 phosphorylationspecific manner. Notably, AREG colocalizes with DEAD-box RNA helicase p68 (DDX5) in the nucleus and regulates tumor suppressive microRNA biogenesis in response to DNA damage. These findings support a model in which Ser46-phosphorylated p53 orchestrates tumor suppressive microRNA expression in the apoptotic response to DNA damage.
facilitates tumor suppressive miRNA maturation via AREG, leading to apoptotic cell death.
Results
Identification of AREG as a Direct Target of Phosphorylated p53 at Ser46. In an attempt to isolate target genes of p53 that are especially phosphorylated at Ser46, p53-deficient H1299 lung adenocarcinoma cells or SaOS-2 osteosarcoma cells were transfected with Flag vector, Flag-p53 wild type (WT), or the Flag-p53 mutant in which Ser46 was replaced by Ala (S46A). As shown previously, ectopic expression of p53-WT in p53-deficient cells was sufficient for induction of Ser46 phosphorylation (14) . We obtained similar convincing evidence for Ser46 phosphorylation with p53-WT, but not p53-S46A (Fig. S1A) . To explore target genes that depend on Ser46 phosphorylation, we purified mRNA from these transfected cells to apply the microarray analysis. Whereas ∼54,000 probe sets were analyzed, to isolate p53 target genes, we compared gene expression profiles in p53-WT-transfected cells with those in the empty vector-transfected cells. As targets for p53, 793 or 1,804 probes, which were more than 1.5-fold increase, were chosen in H1299 or SaOS-2 cells, respectively. To further screen out target genes induced by phosphorylated p53 at Ser46, the expression profiles in p53-WT-transfected cells were compared with those in the p53-S46A transfectant. As targets for phosphorylated p53 at Ser46, 11 or 28 probes, which were more than a 1.5-fold increase, were chosen in H1299 or SaOS-2 cells, respectively. Eventually, one probe has been selected, which conforms the criteria for the transcriptional elevation, in a Ser46 phosphorylation-dependent manner in both cell lines (Fig. 1A) . Surprisingly, the probe was coded for AREG that is known as a member of EGF. Analysis of microarray data indicated that induction of AREG mRNA in p53-WT is significantly higher than that in p53-S46A (Fig. 1A) . To verify this finding, we performed real-time RT-PCR and semiquantitative RT-PCR. In concert with the microarray data, expression of p53-WT markedly increased AREG mRNA in H1299 cells (Fig. 1B and Fig. S1B ). Moreover, in comparison with transfection with p53-WT, induction of AREG expression was diminished in cells transfected with p53-S46A (Fig. 1B and Fig. S1B ). Taken together, these findings demonstrated that the transcription of AREG is upregulated by Ser46-phosphorylated p53. To further examine AREG expression in protein levels, H1299 cells were transfected with p53, then cell lysates were analyzed by Western blotting. In accordance with mRNA levels, AREG protein was highly inducible in cells transfected with p53-WT (Fig. 1C) . By contrast, introduction of p53-S46A was little, if any, effect on inducible AREG expression (Fig. 1C) , suggesting its dependency on Ser46 phosphorylation in protein levels.
p53 Binds to and Transactivates the AREG Promoter. To define the potential p53-responsive elements in the AREG promoter, we searched the consensus p53-binding site (15) and found two matches for this sequence within 500 bp of the AREG initiation codon ( Fig. 2A) . To confirm that p53 binds to these elements in vivo, we performed chromatin immunoprecipitation (ChIP) assays. Chromatin was isolated from H1299 cells transfected with Flag vector, Flag-p53-WT, or Flag-p53-S46A and was immunoprecipitated with an anti-Flag antibody. Immunoprecipitated DNA was then analyzed by PCR with primers amplifying the AREG promoter region encompassing the putative p53-binding consensus elements (p53-CE; −561 to −361). The elements were specifically immunoprecipitated with anti-Flag in p53-WTtransduced cells, suggesting that p53 actually binds to AREG promoter in vivo (Fig. 2B) . Moreover, there was no remarkable occupancy of p53-S46A on the p53-CE of AREG promoter (Fig. 2B ), indicating that Ser46 phosphorylation is prerequisite for recruitment of p53 to the AREG promoter. To extend this finding in the physiological condition, human osteosarcoma U2OS cells were left untreated or treated with adriamycin (ADR). The analysis of ChIP showed that there was little immunoprecipitation of DNA fragments containing p53-CE in unstimulated cells (Fig. 2C) . By contrast, occupancy of the AREG promoter by p53 was markedly increased after ADR stimulation (Fig. 2C) . As a control, there was no detectable p53 occupancy of a control region (CR; −853 to −695) in the AREG promoter upstream to the p53-CE (Fig. 2C) . Importantly, there was little, if any, p53 occupancy in cells pretreated with pofitherin-α, a specific p53 inhibitor (Fig. 2C ). Previous study showed that DYRK2 is responsible for Ser46 phosphorylation in response to DNA damage (10) . In this context, the demonstration that there was also little, if any, immunoprecipitates of p53-CE by silencing DYRK2 supports a model in which Ser46 phosphorylation triggers the p53 occupancy of AREG promoter (Fig. 2C) .
To further prove the role of Ser46 phosphorylation for the promoter binding, we performed ChIP analysis with the antiphospho-p53 (Ser46) antibody. Initially, we validated whether this antibody is useful for the immunoprecipitation. The results demonstrated that endogenous phosphorylated p53 is successfully immunoprecipitated with the antibody in nonsilencing siRNA (control siRNA)-transfected cells after DNA damage (Fig. S2A) . Notably, in the absence of DYRK2, there was little, if any, immunoprecipitation of p53 (Fig. S2A) , indicating that the phospho-Ser46-specific antibody is applicable for immunoprecipitation with high specificity. To verify the result, we monitored the endogenous phosphorylation levels of p53 (Fig. S2B) . As shown previously, phosphorylation of p53 at Ser46 was abrogated in DYRK2 knockdown cells. Based on these findings, we performed ChIP analysis with this antibody. The results showed that phosphorylated p53 is recruited to the AREG promoter under genotoxic stress. By contrast, the recruitment was diminished by knocking down DYRK2 (Fig. S2C) . These results strengthen the evidence that phosphorylated p53 at Ser46 is specifically recruited to the AREG promoter in response to DNA damage.
To establish whether p53 binding is functionally relevant, we investigated the p53-CE in the AREG promoter for the ability to drive a luciferase reporter gene (AREG-Luc) in response to cotransfection of p53 into H1299 cells (Fig. 2D ). In concert with findings obtained from ChIP analysis, upon exposure to ADR, the luciferase activity was significantly up-regulated in cells transduced with p53 WT (Fig. 2D) . By contrast, ectopic expression of p53-S46A attenuated ADR-induced luciferase activity in comparison with that of p53-WT (Fig. 2D) . Deletion of p53-CE in AREG-Luc (Δp53CE-AREG-Luc) completely abrogated the luciferase activity in p53-WT-transfected cells after DNA damage (Fig. 2D) . Identical effects were obtained in p53-S46A-transfected cells (Fig. 2D) . To confirm that endogenous p53 plays a role in the induction of AREG by DNA damage, U2OS cells were transfected with AREG-Luc or Δp53CE-AREG-Luc followed by treatment with etoposide (ETO). As found in transfected H1299 cells, DNA damage enhanced the luciferase activity, whereas the absence of p53-CE completely impaired its induction (Fig. 2E) . Significantly, silencing p53 conferred resistance to the augment of ETO-induced luciferase activity regardless of the presence or absence of p53-CE (Fig. 2E) . Taken together, these findings indicated that p53 transactivates AREG via p53-CE on the AREG promoter in response to DNA damage.
p53 Induces AREG in Response to DNA Damage. To determine whether p53 physiologically induces AREG expression after genotoxic stress, U2OS cells were transfected with a control siRNA or a siRNA targeting for p53 (p53 siRNA) followed by treatment with ADR. Analysis of real-time RT-PCR revealed that upon exposure of cells to ADR, AREG mRNA was increased at relatively later periods (Fig. 3A) , which specifically coincided with the level of Ser46 phosphorylation (14) . Importantly, abrogation of p53 expression completely suppressed increment of AREG mRNA after ADR treatment (Fig. 3A) , indicating that DNA damage-induced augment of AREG mRNA requires p53. To extend these findings in protein levels, U2OS cells were transfected with the control siRNA, or the p53 siRNA followed by ADR exposure. As shown for the mRNA levels, the expression of AREG was elevated at 24 h in mock-transfected U2OS cells (Fig. S3) , indicating relatively later-phase induction similar to Ser46 phosphorylation. In sharp contrast, there was no detectable AREG expression in cells silenced for p53 (Fig. S3) . These results demonstrated that AREG is a target of p53 in response to DNA damage. Given that Ser46-phosphorylated p53 is recruited to the AREG promoter ( Fig. 2 B and D) , we assessed whether AREG expression coincides with the Ser46 phosphorylation level. AREG was detectable at 24 h after ADR exposure in accordance with Ser46 phosphorylation (Fig. 3B) . However, in DYRK2 knockdown cells, AREG expression was not up-regulated by DNA damage (Fig. 3B and Fig. S2B ). Importantly, DNA damage-induced Ser46 phosphorylation was markedly attenuated in DYRK2 knockdown cells. Taken together, AREG is induced by p53 in a Ser46 phosphorylationspecific manner.
Accumulating lines of evidence show that AREG is transported to the plasma membrane and is secreted to act as a ligand for EGFR (16) . However, recent study demonstrated that intracellular AREG translocates to the inner nuclear envelope and then regulates chromatin remodeling (7). These reports thus suggest that AREG function is diverse, which is determined by its cellular localization. Given that AREG is shedded by ADAM17 on the cell surface and secreted from cells, we measured the AREG levels in the cell culture media. Of note, AREG was initially discovered in MCF-7 cells (17) . As reported previously, AREG was released to extracellular fluid in response to TPA stimulation in MCF-7 cells (Fig. 3C) . In contrast, AREG production was attenuated by cotreatment with ADAM17 inhibitor, TAPI. Importantly, there was little, if any, increase AREG production in response to various DNA damage stimuli. Furthermore, in U2OS cells, AREG production levels were remained unchanged even after treatment with TPA or genotoxin (Fig. 3C ). These data indicated that AREG is independent from the shedding by ADAM17 in the DNA damage response. To examine where AREG localizes under DNA damage condition, U2OS cells were immunostained with anti-AREG antibody (Fig. 3D) . As similarly shown for Western blotting (Fig. 3B) , AREG expression was increased after DNA damage. Notably, AREG was not expressed in the plasma membrane, but predominantly localized in the nucleus upon ETO treatment (Fig.  3D) . Collectively, these results suggest that AREG is induced by p53 and is targeted to the nucleus in response to DNA damage.
AREG Interacts with DDX5 and Drosha. To characterize nuclear function of AREG, we intended to identify AREG-associated protein by mass spectrometry. U2OS cells were transfected with YFP-vector or YFP-tagged AREG, and cell lysates were immunoprecipitated with anti-GFP antibody. Immune complexes were analyzed by 2-Dimensional Image Converted Analysis of Liquid (2DICAL) chromatography and mass spectrometry (18) . By 2DICAL analysis, the 79 peaks were statistically significant between the immunoprecipitates from AREG-YFP and YFP (P < 0.05). The MS peaks were subjected to MS/MS analysis to identify amino acid sequences (Table S1 ). Mascot search showed that DDX5 was identified as an AREG binding protein (Fig. S4 A  and B) . The MS peak of immunoprecipitated AREG was detected by these analyses (Fig. S4 C and D) . To confirm this finding, U2OS cells were transfected with YFP-vector or AREG-YFP followed by immunoprecipitation with anti-GFP antibody. The analysis with anti-DDX5 revealed that AREG was interacted with DDX5 in cells (Fig. S5) . To extend this finding, DDX5 was immunoprecipitated in the presence or absence of ETO. The results demonstrated that endogenous DDX5 interacts with AREG upon genotoxic stimuli (Fig. 4A, Left) . Given that DDX5 is one of the components of Drosha complex, we determined whether Drosha also interacts with AREG. Endogenous Drosha was immunoprecipitated with anti-Drosha followed by immunoblot analysis with anti-AREG antibody. The results demonstrated that endogenous Drosha interacts with AREG in the presence of ETO (Fig. 4A, Center) . These results support our model in which AREG modulates the microRNA processing with DDX5-Drosha complex. To clarify subcellular localization of DDX5 following DNA damage, U2OS cells were immunostained with anti-DDX5 and anti-AREG antibodies. As shown previously, AREG localized in the nucleus under the DNA-damaged condition (Fig. 3D) . In this circumstance, DDX5 colocalized with AREG in the nucleus (Fig. 4B) . Taken together, these findings demonstrate that nuclear AREG interacts with DDX5 upon genotoxic stress.
AREG Regulates microRNA Processing To Induce Apoptosis. Previous study has shown that DDX5 engages microRNA processing, especially among the converting step from primary microRNA (miRNAs) to precursor miRNA (19) . DDX5 regulates miRNAs (i.e., miR-15a) biogenesis in response to DNA damage. In addition, because Ser46 phosphorylation is an indispensable modification for p53-dependent apoptosis, it is plausible that AREG exerts induction of apoptosis. Based on these findings, we hypothesized that AREG regulates tumor suppressive miRNAs processing via DDX5 interaction. To address this possibility, precursor miRNA was isolated from U2OS cells and then analyzed by real-time PCR. As shown by Suzuki et al. (19) , pre-miR15a was increased by DNA damage, whereas pri-miR-15a levels remained unchanged (Fig. 5 A and B) . This data thus confirmed that miR-15a expression is posttranscriptionally regulated. In AREG knockdown cells, pre-miR-15a levels were significantly reduced, indicating that AREG modulates miR-15a processing (Fig. 5B) . Because a major target of the miR-15a is antiapoptotic protein Bcl-2 (20), we examined Bcl-2 expression under the same conditions (Fig. 5C ). Bcl-2 expression was declined upon severe DNA damage. By contrast, the decrease was little, if any, observed in AREG knockdown cells. This finding indicates that AREG regulates Bcl-2 expression through processing of miR15a. To assess whether endogenous AREG is involved in apoptosis induction, U2OS cells were transfected with the control siRNA or the AREG siRNA followed by treatment with ADR. Silencing AREG significantly attenuated apoptosis elicited by ADR (Fig. 5D) . To further investigate whether AREG regulates apoptosis induction via the miRNA biogenesis, miR-15a inhibitor was cotransfected with control siRNA or AREG siRNA. In the control siRNA-transfected U2OS cells, DNA damageinduced apoptosis was remarkably suppressed in the presence of miR-15a inhibitor (Fig. 5D ). This result supported that miR-15a is a prerequisite miRNA for apoptosis induction. In contrast, apoptosis induction was not attenuated by AREG depletion regardless of miR-15a inhibitor transfection, suggesting that AREG induces apoptosis via miR-15 induction (Fig. 5D ).
To examine whether AREG modulates the microRNA biogenesis besides miR-15a, the expression levels of other precursor miRNAs were monitored by real-time PCR. Given that miR-34 is one target for p53 in response to DNA damage (21), we analyzed pri-miR-34 expression in U2OS cells. As shown previously, pri-miR-34 expression increased following genotoxic stimuli. In AREG-silencing cells, pri-miR-34 expression was induced at a comparable level to that in control siRNA-transfected cells. This finding demonstrated that miR-34 transcription is induced by DNA damage, which is independent of AREG (Fig.  S6A) . Pri-miR-143 expression remained unchanged after ADR treatment in both transfectants (Fig. S6B) . These results suggest that AREG is not involved in microRNA transcription. We further examined expression levels of pre-miR-34 and premiR-143 under the same experimental conditions. They were increased by DNA damage. By contrast, in AREG knockdown cells, they were markedly attenuated, suggesting that AREG regulates the processing of miR-34 and miR-143 (Fig. S6 C  and D) . Taken together, these findings indicate that AREG contributes to the miRNA biogenesis, not only in miR-15, but also other miRNAs.
We also examined whether DDX5 or DDX17 modulates AREG-mediated apoptotic cell death. U2OS cells were cotransfected with AREG siRNA and DDX5 siRNA or DDX17 siRNA. Apoptosis induction was monitored by TUNEL assay. As previously shown (Fig. 5D) , AREG knockdown was associated with the attenuation of apoptotic cell death compared with the control siRNA transfection (Fig. S7) . Importantly, additional knockdown of DDX5 or DDX17 had no further effect on apoptosis induction (Fig. S7) . These results suggest that AREG is essential for the process of precursor microRNAs involved in apoptosis regulation.
Taken together, these findings demonstrated that AREG induces apoptosis in response to genotoxic insult by modulating the microRNA processing within the Drosha complex (Fig. 6 ).
Discussion
Tumor suppressor p53 has a great variety of function to prevent tumor progression. Especially, apoptotic induction is an effective mechanism for tumor elimination. Despite phosphorylation of p53 at Ser46 that dramatically induces apoptosis, how phosphorylated p53 induces apoptosis remains unclear. To identify Ser46 phosphorylation-responsible genes, gene expression profiles from p53 WT cells were compared with those from S46A mutant. We successfully identified AREG as a phospho-Ser46 responsible gene. Notably, Ser46 phosphorylation allows p53 to target the AREG promoter. Given that Ser46-phosphorylated p53 induces the expression of p53AIP1 that promotes apoptosis (14) , Ser46 phosphorylation changes promoter affinity of p53 to the promoters with proapoptotic genes.
Recent studies demonstrated the function of p53 in the micro-RNA biogenesis. miR-34 was originally identified as a microRNA that is directly transactivated by p53 (21, 22) . Suzuki et al. showed that p53 facilitates microRNA processing with Drosha (19) . Thus, p53 directly regulates microRNA expression at both transcriptional and posttranscriptional levels. The present study shows that p53 engages microRNA production via AREG, which is a target for p53, indicating that p53 indirectly modulates the microRNA biogenesis. In this context, p53 modified the microRNA biogenesis in the various steps. In response to DNA double-strand break, ATM phosphorylates downstream effectors to transduce the damage signal. ATM regulates the microRNA biogenesis via KSRP phosphorylation (23) . Taken together, these tumor suppressive factors regulate the microRNA biogenesis, suggesting that dysregulation of microRNA metabolism is observed in tumors. Accumulating evidence has demonstrated that microRNA levels are decreased in tumors (24) , and that defects in microRNA processing are observed in tumor (25) . In these regards, posttranscriptional regulation for the microRNA biogenesis is fundamental for tumor inhibition. We reported that DYRK2-depleted cells contribute to tumorigenesis in vivo (26, 27 ). In the current study, AREG expression remained little, if any, detectable in the DYRK2 knockdown cells. Loss of AREG could not suppress Bcl-2 expression under severe DNA damage mainly due to the failure of pri-miR-15a processing. In this context, the defect in the microRNA biogenesis might accelerate tumorigenesis.
AREG was originally identified in MCF7 cells treated with TPA. Furthermore, AREG is well known as a bifunctional protein for cell growth (17) . Initially, AREG is synthesized as a precursor protein, and the precursor is transported to the plasma membrane and proteolytically cleaved by ADAM17 (28) . Cleaved AREG binds to EGFR to facilitate receptor phosphorylation. Thus, secreted AREG functions as a ligand to promote proliferation. In contrast, other reports suggested that AREG has a tumor inhibitory function (2, 17) . Intriguingly, AREG translocates to the inner nuclear membrane to induce heterochromatinization, thereby suppressing transcription (7) . In ovarian cells, AREG localizes in the nucleus (5, 6) ; however, nuclear function of AREG has remained to be elucidated. In the present study, we clarified that nuclear AREG modulates tumor suppressive miRNA expression via microRNA processing to inhibit tumor growth. AREG possesses two nuclear localization sequences; however, machinery of nuclear trafficking of AREG is not fully understood. Elucidation of the regulation for intracellular localization of AREG is requisite for characteristics of its function.
Materials and Methods
Experimental details are described in SI Materials and Methods. All results are expressed as mean values ± SD of at least three independent experiments. Unpaired Student t test was used to generate statistical analysis. All microarray data (29) have been deposited in the ArrayExpress database under accession no. E-MEXP-2556. . AREG provokes apoptotic cell death via the microRNA processing. U2OS cells were cotransfected with AREG siRNA and DDX5 siRNA or DDX17 siRNA. Apoptosis induction was monitored by TUNEL assay. Knockdown efficiency of DDX5 or DDX17 was determined by immunoblot analysis. n.s., not significant. 
